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Summary
In higher multicellular eukaryotes, highly specialized
membrane structures or membrane trafficking events
are required for supporting various physiological
functions. SNAREs (soluble NSF attachment protein
receptors) play an important role in specific mem-
brane fusions. These protein receptors are assigned
to subgroubs (Qa-, Qb-, Qc-, and R-SNARE) accord-
ing to their specific SNARE structural motif. A spe-
cific set of Qa-, Qb-, and Qc-SNAREs, located on the
target membrane, interact with R-SNARE on the vesi-
cle to form a tight complex, leading to membrane fu-
sion [1–4]. The zig-1 mutant of Arabidopsis lacking
Qb-SNARE VTI11 shows little shoot gravitropism and
abnormal stem morphology. VTI11 and its homolog
VTI12 exhibit partially overlapping but distinct intra-
cellular localization and have different biological
functions in plants [5–10]. Little is known about how
SNAREs are targeted to specific organelles, even
though their functions and specific localization are
closely linked. Here, we report that a novel mutation
in VTI12 (zip1) was found as a dominant suppressor
of zig-1. The zip1 mutation gave VTI12 the ability to
function as VTI11 by changing both the specificity of
SNARE complex formation and its intracellular local-
ization. One amino acid substitution drastically al-
tered VTI12, allowing it to suppress abnormalities of
higher order physiological functions such as gravi-
tropism and morphology. The zip1 mutation may be*Correspondence: mimorita@bs.naist.jpan indication of the flexibility in plant cell function
afforded by gene duplication, particularly among the
VTI11 genes and their recently diverged orthologs.
Results and Discussion
The zig suppressor 1 Is a Dominant Mutation
Suppressing the Defects of zig
A number of diverged SNARE orthologous genes have
been found in higher eukaryotic genomes. The Arabi-
dopsis genome has 54 SNARE genes [11], and the mo-
lecular functions of several SNAREs have been exten-
sively analyzed [5–8, 12]. Forward genetic studies have
provided evidence that SNAREs are involved in a
number of diverse physiological functions [13]. A recent
study of cytokinesis-specific KNOLLE (KN)/SYP111 has
attempted to address the more general issue of cell bi-
ology, such as SNARE specificity, with the tools of mo-
lecular genetics [14]. We have found that the zig-1 and
sgr3 mutants, deficient in Qb-SNARE VTI11 and Qa-
SNARE SYP22, respectively, are gravitropic mutants of
Arabidopsis [15, 16]. VTI11 is localized in the trans-
Golgi network (TGN), prevacuolar compartment (PVC),
and vacuoles and forms a SNARE complex with SYP21/
22 (Qa) and SYP5 (Qc), which are located on the PVC
and vacuoles [5, 6, 8]. Although direct interactions of
R-SNAREs with ZIG/VTI11 have not yet been observed,
studies for subcellular localization [9] and examination
of the vacuole proteome [17] have suggested the
VAMP71 family of proteins as possible R-SNARE candi-
dates. The zig-1 mutant exhibits anomalous morpho-
genesis in addition to abnormal gravitropism. The zig-1
phenotype is characterized by small, wrinkled leaves
and alternately bending (“zigzag”) primary and lateral
inflorescence stems [15] (Figures 1A and 1B, and Figure
S1 available with this article online). Arabidopsis wild-
type (Col-0) inflorescence stems bent upward when
they were gravistimulated by horizontal placement, be-
coming nearly perpendicular in approximately 90 min
[18] (Figures 1D and 1G). In contrast, zig-1 inflores-
cence stems showed little response (Figures 1E and
1G), as reported previously [15, 19].
To understand the genetic basis of VTI11-mediated
vesicular transport, we have isolated several suppres-
sor mutants of zig-1 from EMS-mutagenized zig-1
seeds. One of the suppressor lines, zig suppressor 1
(zip1), strongly suppressed the defects of zig-1 both in
gravitropism and morphogenesis. The zip1 zig-1 double
mutant had a wild-type phenotype for both inflores-
cence stems and rosette leaves (Figures 1A, 1C, and
S1) and had a gravitropic response similar to wild-type
and zip1/+ zig/zig plants (Figures 1E, 1G, and S1F). All
of the F1 generation progeny resulting from a cross of
the double mutant line zip1 zig-1 with the zig-1 mutant
line had the wild-type phenotype, indicating that zip1 is
a dominant suppressor of zig-1 both for morphogenesis
(Figure S2) and gravitropism (Figure 1G).
In gravity sensing cells of higher plants, amyloplasts,
which are plastids that accumulate dense starch gran-
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tFigure 1. Characterization of the zip1 zig-1 Mutant
i
Morphology of (A) wild-type, (B) zig-1, and (C) zip1 zig-1. Shoot
pgravitropism of (D) wild-type, (E) zig-1, and (F) zip1 zig-1. Inflores-
tcence stems of 4-week-old plants after 90 min horizontal gravity
stimulation. The zig-1 mutant showed little response even after 24 h
hr. Scale bars in (A) to (F), 1cm. “g” indicates the orientation of c
gravity. (G) Time course of inflorescence stem gravitropic response. f
zip1/zip1 zig/zig, closed triangles; zip1/+ zig/zig, closed squares; o
wild-type, open triangles; and zig-1, open circles. Vertical error bars
trepresent the SE values. n = 18. (H–J) Inflorescence stem endo-
adermal cell ultrastructure. (H) wild-type, (I) zig-1, and (J) zip1 zig-1.
Arrow heads indicate amyloplasts. Note that amyloplasts were en- z
closed by vacuolar membranes in zip1 zig-1 as well as in wild- r
type, whereas amyloplasts of zig-1 plants were expelled from the t
vacuole. v, vacuole. Scale bars in (H) to (J), 5 m. “g” indicates the l
orientation of gravity.
w
Sules, are thought to act as statoliths. In wild-type Arabi-
dopsis shoots, endodermal cells serve as the gravity- z
3sensing cells and contain amyloplasts that sediment in
the direction of gravity [20]. Amyloplasts did not sedi- c
iment in either zig-1 or sgr3mutants [16, 21], suggestinghat vacuole integrity mediated by TGN-PVC/vacuole
esicle trafficking is important for amyloplast sedi-
entation. Electron microscopy of zig-1 endodermal
ells showed that the amyloplasts were distributed in
he peripheral cytoplasm [21] (Figure 1I), whereas in the
ip1 zig-1 double mutant, amyloplasts are sedimented
nd surrounded by the vacuolar membrane with a thin
ytoplasmic layer (Figure 1J), similar to that which has
een observed in the wild-type (Figure 1H). Thus, zip1
s likely to restore the functional integrity of the vacu-
les, suggesting that the zip1 mutation may restore
esicle trafficking mediated by VTI11.
he zip1 Is a Point Mutation in the VTI12,
omolog of VTI11
e cloned the ZIP1 gene relative to its map position. A
ingle nucleotide substitution converts glutamate 129
o lysine in VTI12 (At1g26670) of the zig-1 zip1 mutant
Figure 2). The zig-1 plants transformed with VTI12 har-
oring the zip1 mutation had the same phenotype as
ip1 zig-1 plants (Figure S3 and Table S1), indicating
hat the zip1 mutation was in VTI12. The zip1 single
omozygote appears to be the same as wild-type un-
er normal growth conditions (data not shown). VTI11
nd VTI12 share a high degree of amino acid sequence
imilarity (Figure 2B), but VTI11 interacted with SYP21/
2 and SYP5 on the PVC/vacuole, whereas VTI12 formed
complex with SYP4 and SYP6 on the TGN [5–8].
he zip1 Mutation Affects the Specificity of SNARE
airing of VTI12
ow does the zip1 mutation in VTI12 suppress the de-
ects of VTI11? Because expression of excess VTI12
rotein suppressed the phenotypic defects of zig-1 to
ome extent [10], we initially tested whether the zip1
utation causes an increase of VTI12 protein levels in
he zip1 zig-1double mutant. Protein extracts of the in-
lorescence stems from wild-type, zip1, vti12, zig-1,
ip1/+ zig-1/zig-1 and zip1/zip1 zig-1/zig-1 plants were
mmunoblotted with anti-VTI12 antibody (Figure 3A).
he amount of VTI12 protein in zig-1 plants (Figure 3A,
ane 4) was higher than in the wild-type Columbia eco-
ype (Figure 3A, lane 1). The increase of VTI12 protein
n mutants lacking VTI11 may be due to increased ex-
ression or stabilization of VTI12 protein, suggesting
he presence of a feedback mechanism that regulates
omologous SNARE protein levels. However, this in-
reased VTI12 protein cannot fully compensate for the
unctions of VTI11, as the zig-1mutant exhibits an obvi-
us aberrant phenotype [15, 19]. Most importantly,
here was no significant difference in levels of VTI12
mong the zig-1, zip1/+ zig-1/zig-1 and zip1/zip1 zig-1/
ig-1 mutant lines (Figure 3A, lanes 4, 5, and 6). This
esult clearly indicates that the zip1 mutation changed
he character of VTI12 protein, but not its expression
evel, resulting in suppression of the zig-1 phenotype.
We analyzed whether the VTI12zip1 protein interacts
ith SYP22 by immunoprecipitation analysis with anti-
YP22 antibody for wild-type, zip1, zig-1, and zip1
ig-1 protein extracts from inflorescence stems (Figure
B). In zig-1 plants, a little VTI12 protein formed SNARE
omplexes with SYP22 [10] (Figure 3B, lanes 2 and 6),
ndicating that wild-type VTI12 has some ability to in-
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557Figure 2. Molecular Cloning of the ZIP1 Gene
(A) The ZIP1 locus on chromosome 1 and the
gene structure are shown. The VTI12 gene
has five exons, and the zip1 mutation was
found in the fourth exon.
(B) Amino acid sequence alignment between
ZIG/VTI11 and VTI12. The position of zip1
mutation (129E) is indicated by an asterisk.
Underlines and broken underlines indicate
the SNARE motif and transmembrane do-
mains, respectively.teract with SYP22, but it was not sufficient to substitute
for VTI11 function. Most importantly, coimmunoprecipi-
tated VTI12zip1 levels in the zip1 zig-1 line increased
approximately 4-fold compared with wild-type VTI12 in
zig-1 plants (Figure 3B, lanes 6 and 8 and Figure 3C).
This result suggests that the zip1 mutation promotes
the formation of SNARE complexes with SYP22, which
is not a normal partner of VTI12, so that VTI12zip1 can
substitute for VTI11.
The zip1 Mutation Alters the Subcellular
Localization of VTI12
In wild-type plants, VTI11 and VTI12 show partially
overlapping but distinct intracellular localization. VTI12
is localized to TGN and plasma membranes, whereas
VTI11 is associated with TGN and PVC/vacuole. Their
SNARE partners SYP4 and SYP21/22 are localized
to TGN and PVC/vacuole, respectively [5–9, 22]. In
zip1 zig-1 plants, however, coimmunoprecipitation of
VTI12zip1 with SYP22 suggests that VTI12zip1 should
colocalize with SYP22 on the same organelle mem-
brane.
Before doing localization analyses with GFP-fused
proteins, we confirmed whether GFP-fused VTI11 is
functional by introducing GFP-fused VTI11 driven by its
native promoter (pVTI11) into zig-1 plants. Transgenic
plants had wild-type morphology and gravitropism
(Figure 4A), indicating that GFP-VTI11 is functional. In
elongating root cells of transgenic plants, GFP was
observed on vacuolar membranes by confocal-laser
scanning microscopy (Figure 4C). Many dot-like signals
of GFP-ZIG were observed at the cell surface, which
probably correspond to PVC or TGN (Figure 4B). In cul-
tured cells, the fluorescence of GFP-VTI11 was mainly
found on vacuolar membranes, TGN, and PVC (Figure
4D), whereas GFP-VTI12 was on plasma membranes,
TGN, and PVC [9] (Figure 4E). It should be noted that
the localization of GFP-VTI11 in protoplasts is quite
similar to root cells of pVTI11/GFP-VTI11 transgenicplants. With VTI12zip1 as the target protein, GFP is ob-
served on vacuolar membranes, plasma membranes,
and dot-like organelles that are probably TGN and/or
PVC (Figure 4F). There is a high correlation between the
change in SNARE binding partner and localization of
VTI12 on membranes normally occupied by VTI11 in the
zip1 mutation.
The specific localization of SNARE proteins is a pre-
requisite for correct protein trafficking. There is not a
clearly conserved rule, however, about how SNAREs
are targeted to specific organelles [23]. Interactions be-
tween the N terminus of the SNARE motif, and vesicle
coat proteins have been suggested as one mechanism
for SNARE targeting [24, 25]. The zip1 mutation could
change the targeting specificity of VTI12, possibly by
affecting recognition by vesicle coat proteins. Whether
SNAREs are transported individually or as complexes
has also remained controversial [23, 26]. If VTI1 family
proteins are transported as a SNARE complex, zip1
could influence binding affinity to SYP22, resulting in
the transport of VTI12zip1 to PVC/vacuoles together
with SYP22. In any case, the reason a zip1 mutation at
an amino acid conserved in both VTI11 and VTI12 (Fig-
ure 2B) gives VTI12 the ability to act as VTI11 should
be addressed in the future.
Molecular-Genetic Approach to Understanding
Intracellular Transport in Plants
Recently, we have observed movement of amyloplasts
and vacuolar membranes in living gravity-sensing en-
dodermal cells and found that a flexible vacuole mem-
brane structure enclosing amyloplasts is important for
gravity sensing [27]. Vesicle trafficking between TGN
and PVC/vacuole is crucial for maintaining vacuole
membrane dynamics. Considering that a few SGR
genes are involved in vacuolar function, shoot gravi-
tropism of Arabidopsis is the physiological phenotype
that most sensitively indicates the state of TGN to PVC/
vacuole vesicle trafficking. Suppressor genetics of sgr
Current Biology
558Figure 3. Interaction between SYP22 and VTI12zip1
(A) Immunoblot analysis of VTI12 protein. Proteins were extracted from inflorescence stems of 6-week-old plants of wild-type (lane 1), zip1
(lane 2), vti12 (lane 3), zig-1 (lane 4), zip1/+ zig-1/zig-1 (lane 5), and zip1/zip1 zig-1/zig-1 (lane 6). Total proteins were separated by SDS-PAGE
followed by immunoblotting with anti-VTI12 antiserum. CBB staining indicates that equivalent amounts of protein extracts were loaded. A
slight cross reaction with VTI11 of anti-VTI12 antiserum was observed (lane 3), as reported previously [7].
(B) Immunoprecipitation analysis by using anti-SYP22 antiserum with wild-type (lanes 1–2), zip1 (lanes 3–4), zig-1 (lanes 5–6), and zip1 zig-1
(lanes 7–8) plant extracts. Proteins were extracted from inflorescence stems of 6-week-old plants. VTI12 and SYP22 were detected by
immunoblotting with anti-VTI12 antiserum and anti-SYP22 antiserum, respectively. Lanes 1, 3, 5, and 7, total proteins; lanes 2, 4, 6, and 8,
immunoprecipitations.
(C) The relative incorporation ratio of VTI12 into the SNARE complex containing SYP22 (immunoprecipitated VTI12/total VTI12) was calculated
based on the result shown in (B). Average values of at least three independent experiments are presented. Values were normalized to the
incorporation ratio of zig-1 plants. Quantification of band intensity was performed with Sion Image software. Vertical error bars represent the
standard error values.mutants would be valuable for unraveling a genetic net- e
bwork of complex post-Golgi trafficking in planta. Fur-
tthermore, VTI11 is involved not only in gravitropism but
talso morphology of Arabidopsis. The present study
Vdemonstrated that the zip1 mutation, a single amino
facid substitution, can convert both specificity and lo-
Vcalization of VTI12 to those of VTI11 for functional TGN-
tPVC/vacuole trafficking, resulting in recovery of higher
torder physiological functions such as gravitropism and
lmorphology in zig-1 mutant lines.
s
V
The Functional Diversity of the VTI1 Family t
Arabidopsis has four VTI1 family SNAREs (VTI11– b
VTI14). VTI13 is expressed in seedlings at a lower level I
than VTI11 or VTI12, whereas expression of VTI14 was m
adetected only in cultured cells [9]. Although VTI11 and
cVTI12 have distinct functions, phenotypic analysis of
mutants revealed that VTI11 plays a major role in planta
E[10]. Because the vti11 vti12 double mutation was lethal
in the embryonic stage, VTI11 and VTI12 must have at P
least partially redundant functions. The molecular func-
tions of VTI11 and VTI12 are interchangeable to somextent because there is a small amount of interaction
etween SYP21/22 and VTI12 in the zig-1 mutant, and
here is some minor interaction of SYP4 with VTI11 in
he vti12 mutant [10]. Mice also have multiple copies of
TI1, Vti1a and Vti1b, which are likely to have distinct
unctions with some redundancy [28, 29]. In addition,
ti1a-β, a splicing variant of mouse Vti1a, has an inser-
ion of seven amino acid residues in the region adjacent
o the amino terminus of the SNARE motif, which is
ikely to result in a new sorting destination [30]. A pos-
ible analogy between mouse and Arabidopsis is that
TI1 family SNAREs may have diverged in their func-
ions to accommodate the complex post-Golgi mem-
rane traffic but have retained some functional overlap.
f this proves to be the case, this flexible feature of VTI1
ay allow additional novel or redundant functions with
minor molecular change, as in the zip1 and Vti1a-β
ases.
xperimental Procedures
lant Materials and Growth Conditions
The Columbia (Col) ecotype of Arabidopsis thaliana was used as
the wild-type. The extragenic suppressor mutant lines of zig-1 were
zip1 Converts the Functional Specificity of VTI12
559Figure 4. Subcellular Localization of VTI12zip1
(A) zig-1/pVTI11::GFP-VTI11 T2 plant. Scale
bar, 1 cm.
(B and C) GFP fluorescence images of elon-
gating root cells of the zig-1/pVTI11::GFP-
VTI11 T2 plant. The surface (B) and the mid-
dle (C) plane of the cell are shown. Scale
bars in (B) and (C), 20 m.
(D and F) Localization of GFP-fused VTI1
proteins in Arabidopsis protoplasts. GFP-
VTI1 proteins were expressed under the con-
trol of the CaMV 35S promoter.
(G–I) Cells were photographed with Nomar-
ski optics. Scale bars in (D) to (I), 10 m.isolated from the M2 population of zig-1 that had been mutagen-
ized with EMS. Arabidopsis thaliana plants were grown in soil under
constant white light at 23°C.
Gravitropism Assay
Intact plants with primary stems 4–8 cm in length were placed hori-
zontally in darkness at 23°C, as described previously [15], to exam-
ine the gravitropic responses of inflorescence stems. The curvature
of the stem was measured every 30 min as the angle formed be-
tween the growing direction of the apex and the horizontal base
line. 18 individuals of each genotype were examined.
Microscopy
Electron microscopic observation was performed as described by
Morita et al. [21]. Confocal-laser scanning microscopic observa-
tions of the cultured cells were performed as described [11]. Obser-
vations of pVTI11::GFP-VTI11 transgenic plants were performed
with a Leica DMRE microscope equipped with a Model CSU10 con-
focal scanner (Yokogawa Electric) and cooled CCD camera (ORCA-
ER, Hamamatsu Photonics).
Identification of ZIP1
The zip1 zig-1 double homozygous mutant was crossed to Wassi-
lewskija (Ws) allele zig-3 plants to generate a mapping population.
Genetic analyses of zip1 revealed that the suppressor phenotypes
are due to a single dominant mutation (Figure S2). F2 progeny with
the zig phenotype were selected for mapping. We made some
cleaved-amplified polymorphic-sequence (CAPS) markers that can
recognize polymorphisms between Col and Ws based on informa-
tion provided by The Arabidopsis Information Resource. The posi-
tion of ZIP1 fell approximately in the 2.4 Mb region between mark-
ers T26F17 and F3H9. Because the VTI12 gene (At1g26670) locates
to the mapped locus, the region encompassing the VTI12 gene was
sequenced. The VTI12 gene of zip1 zig-1 contained a single nucleo-
tide substitution (Figure 2A), whereas the VTI12 gene of zig-1 was
identical to wild-type.
For complementation analysis (Figure S3 and Table S1), the 5.2-kb genomic DNA fragment of VTI12 was amplified from zip1 zig-1
and wild-type plant genome DNA by PCR and cloned into binary
vector pBIN19. The resulting constructs pBIN_gzip1 and pBIN_
gVTI12 were transformed into Agrobacterium tumefaciens strain
MP90 and introduced into zig-1 plants [31]. T1 plants were selected
by resistance to kanamycin. The presence of the transgene in these
plants was confirmed by PCR. Most zig-1 T1 plants containing
pBIN_gzip1exhibit normal morphology and gravitropism (Figure S3B).
Protein Extraction and Immunoprecipitation
Immunoprecipitation of detergent extracts from the shoots was
carried out as described [16] with minor modifications.
Localization Analysis of GFP-Fused Protein
Plasmids and carrier DNA were introduced into protoplasts that
had been generated from Arabidopsis suspension cultures as de-
scribed previously [32]. GFP-fused VTI11 cDNA was introduced
into zig-1 plants under the control of authentic 1.2 kb VTI11 pro-
moter, which had been used for a complementation test of the zig
mutant described previously [15].
Supplemental Data
Supplemental Data include three figures and one table and can be
found with this article online at http://www.current-biology.com/
cgi/content/full/15/6/555/DC1/.
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